We have cloned and sequenced the L3 genome segment of avian reovirus strain 1733, which specifies the viral guanylyltransferase protein, C. The L3 gene is 3907 nucleotides long and encodes, in a single large open-reading frame, a polypeptide of 1285 amino acid residues, with a calculated M r of 142.2 kDa. Expression of this gene in a baculovirus/insect cell system produced a recombinant protein that comigrated with reovirion C and reacted with anti-reovirus polyclonal serum in a Western blot assay. Incubation of recombinant C with GTP led to the formation GMP-C complex via a phosphoamide linkage. Interestingly, a 42-kDa amino-terminal proteolytic fragment of recombinant C protein also exhibited autoguanylylation activity, demonstrating both that this fragment is necessary and sufficient for autoguanylylation activity and that the 100-kDa complementary fragment is expendable for that activity. Comparison of the deduced amino acid sequence of protein C with those of the mammalian and grass carp reovirus guanylyltransferases revealed that only two of eight lysine residues within the amino-terminal 42-kDa region are conserved. Interestingly, these two lysines match with the lysine residues in the mammalian reovirus capping enzyme proposed to be essential for autoguanylylation activity. Our alignment analysis also showed that the S-adenosyl-L-methionine-binding pocket previously detected in the mammalian reovirus capping enzyme is fully conserved in its avian and grass carp reovirus counterparts, suggesting that all three enzymes have methylase activity.
INTRODUCTION
Avian reovirus is a member of the Orthoreovirus genus of the Reoviridae family. It is the causal agent for viral arthritis syndrome (tenosynovitis) and transient digestive system disorder in young chickens, which are characterized by lesions in the gastrocnemius tendons and stunted growth, respectively (Rosenberger et al., 1989) . Although avian reoviruses and mammalian reoviruses have similar morphological and physicochemical characteristics, they differ in host range, and in biological and serological properties (Schnitzer, 1985; Spandidos and Graham, 1976) . Unlike the mammalian counterparts, avian reoviruses cause fusion of cells but lack hemagglutination activity (Fields, 1996) .
Avian reovirus is a nonenveloped virus and has a genome consisting of 10 segments of double-stranded RNA (dsRNA), which is surrounded by a double concentric icosahedral capsid shell of 70-80 nm in diameter (Schiff and Fields, 1991; Spandidos and Graham, 1976) . Like mammalian reoviruses, the genomic segments of avian reovirus are divided into three size classes, designated L (large), M (medium), and S (small), on the basis of their electrophoretic mobility Schiff and Fields, 1991; Spandidos and Graham, 1976) . Protein coding assignment of the avian reovirus strain S1133 genome has been achieved by in vitro translation of the individual genomic segments (Varela and Benavente, 1994) . Three polypeptides are encoded by the L genes (A, B, and C; molecular weights (MW) 130-150 kDa), three polypeptides by the M genes (A, B, and NS; MW 70-80 kDa) and four polypeptides are expressed from the S genes (A, B, NS, and C; MW 40-50 kDa) (Ni and Ramig, 1993; Schnitzer et al., 1982; Varela and Benavente, 1994) . Two small nonstructural proteins, p10 and p17, are also encoded by the avian reovirus genome segment S1 (Bodeló n et al., 2001) .
Capping is an early posttranscriptional event that modifies the 5Ј-triphosphate ends of all cellular and most viral mRNAs. The reactions involved in this event include a nucleotide triphosphate phosphohydrolase, which converts the triphosphate group at the 5Ј-end of the mRNA segment into pyrophosphate [reaction (1)]. A guanylyltransferase then catalyzes the addition of GMP to this end through a two-step reaction [reaction (2)]. The first reaction hydrolyzes the ␣-␤ phosphodiester bond of GTP to generate GMP, which remains covalently attached to the enzyme via a phosphoamide link (autoguanylylation reaction). In the second step, the GMP moiety is trans-ferred from the enzyme to the pyrophosphate 5Ј-terminal acceptor group of the mRNA via a 5Ј-5Ј triphosphate linkage. The resulting product is then sequentially methylated by RNA methyltransferases, which use S-adenosyl-L-methionine (SAM) as methyl source, to yield capped mRNAs and S-adenosyl-L-homocysteine (SAH) [reactions (3) and (4)]. Exceptions to this general mechanism have been described for some RNA viruses (Bisaillon and Lemay, 1997) . The cap structure of vesicular stomatitis virus and of respiratory syncytial virus appears to be formed from the ␣-and ␤-phosphates of a GTP molecule and a monophosphorylated RNA acceptor (Abraham et al., 1975; Barik, 1993) . A second exception to the general mechanism has been noted in the formation of the cap structure in some members of the large alphavirus-like superfamily, where GTP is methylated before the transguanylylation reaction (Ahola and Ahlquist, 1999; Ahola and Kääriäinen, 1995; Li et al., 2001) . Results from previous studies demonstrated that avian reovirus mRNAs contain a type 1 cap at their 5Ј ends and that the enzymes required for mRNA capping are structural components of the avian reovirion (Martinez-Costas et al., 1995) . In addition, it was shown that avian reovirus S1133 guanylyltransferase activity was associated with protein C. In this report, we describe the cloning and sequencing of the L3 genome segment of avian reovirus strain 1733 encoding the C protein and characterization of the baculovirus-expressed recombinant guanylyltransferase.
RESULTS

Sequence analysis of L3 genome segment of avian reovirus strain 1733
The L3 genome segment of purified avian reovirions was excised from a polyacrylamide gel, converted into double-stranded cDNA, and cloned into the pUC18 plasmid. Several overlapping cDNA clones were identified by Northern blot analysis, using an RNA probe of the L3 gene segment (data not shown). In addition, several overlapping cDNA clones of the L3 gene were prepared using reverse-transcription-PCR and 5Ј-RACE methods (see Materials and Methods and Fig. 7 ). The nucleotide sequences from both strands of each DNA of all overlapping cDNA clones (at least three independent plasmids of each clones) were determined in order to obtain the complete sequence of the L3 gene. The L3 gene segment is 3907 nucleotides long and encodes a polypeptide of 1285 amino acids with a calculated M r of 142.2 kDa. The 5Ј-and 3Ј-noncoding regions of the L3 gene are 12 and 37 nucleotides long, respectively, of which the first 6 of the 5Ј-terminal (GCTTTT) and the last 5 of the 3Ј-terminal (TCATC) are conserved in all 10 avian reovirus segments sequenced so far (Vakharia et al., unpublished results) .
Comparison of the deduced amino acid sequences of avian reovirus 1733 C with that of 2 protein of mammalian reovirus type 3 (Dearing strain; Accession No. P11079) showed 346 amino acids to the identical (26.9% identity) and 190 residues to be similar (14.8% similarity) (Fig. 1) . Comparison of the secondary structure, using Novotny's method, revealed that avian reovirus C protein contains a number of structural similarities with that of its mammalian counterpart. The propensity of the helical conformation (22.7%), extended conformation (54.0%), turn conformation (13.6%), and random coil (9.5%) were almost identical to protein 2 (22.6, 54.9, 11.6, and 10.7%, respectively). Furthermore, the deduced amino acid sequence of the avian reovirus C protein revealed an ATP/GTP-binding site motif A (GPVVIGKS) extending from amino acid residues 379 to 386, which was also found in protein 2 at positions 893 to 900 (GAAAAGKS). Additionally, a SAM-binding pocket (LDLGTGPE) identified at positions 822 to 829 of C is fully conserved at positions 826 to 833 on 2.
Expression of the avian reovirus L3 gene in insect cells
A recombinant baculovirus (AcNPV-C) was constructed to produce sufficient quantity of the avian reovirus guanylyltransferase and to perform a biochemical characterization of its activity. To monitor the expression of the recombinant C (rC) protein in insect cells, Sf9 cells were mockinfected or infected with the recombinant baculoviruses AcNPV-C and AcNPV-G1 (the latter was used as a control baculovirus that expresses the unrelated GUS marker protein, G1), and soluble extracts from these cells, prepared at 3 days after infection, were subjected to SDS-PAGE analysis ( Fig. 2A) . Extracts from AcNPV-C-infected Sf9 cells contained a 140-kDa polypeptide (lane C) that comigrated with the C polypeptide present in purified avian reovirions (lane V). This polypeptide was not present in extracts from either mock-infected cells (U) or cells infected with the control baculovirus (G1). To confirm the identity a 140-kDa polypeptide, the samples shown in Fig. 2A were subsequently analyzed by Western blot, using polyclonal chicken anti-reovirus serum. As shown in Fig. 2B , a reovirus-specific band, which comigrated with reovirion C, was detected in extracts of cells infected with AcNPV-C (lane C), but not in mock-infected cells (U) or in cells infected with Ac-NPV-G1 (G1). These results indicate that rC protein is expressed in soluble form in baculovirus AcNPV-C-infected cells.
Autoguanylylation activity of rC
It was previously shown that the C protein present in S1133 avian reovirions binds covalently to GMP when Dearing strain. Identical residues are indicated by (͉) and similar residues are marked as (: or ., depending on the threshold). Amino acids considered to be similar are A, S, T; D, E; N, Q; R, K; I, L, M, V; F, Y. W. Gaps in the sequences are indicated by dashes (-). The ATP/GTP-binding-site motif A in avian (residues 379 to 386) and mammalian (residues 893 to 900) reovirus proteins is shown in italics and underlined. The two conserved K residues at positions 169 and 188, which match with mammalian reovirus residues at positions 171 and 190, and the conserved SAM-binding pocket in avian (residues 822 to 830) and in mammalian (residues 826 to 834) reovirus proteins are marked in bold and boxed. The nonconserved mammalian reovirus lysine at position 226 is marked in bold and indicated by an asterisk. The cleavage point, which liberates complementary 42-and 100-kDa fragments in both proteins, is indicated by 2.
incubated with GTP (Martinez-Costas et al., 1995) . To assess whether a similar autoguanylylation activity is displayed by the rC protein from avian reovirus 1733, the samples shown in Fig. 2A were incubated with [␣- 32 P]GTP, in the presence of inorganic pyrophosphatase, and the mixtures were subsequently boiled in Laemmli sample buffer and analyzed by SDS-PAGE. As shown in Fig. 3A , a radioactive band corresponding to a 140-kDa polypeptide was clearly detected when [␣- 32 P]GTP was incubated with both purified virus (lane V) and extracts of AcNPV-C-infected Sf9 cells (lane C), but not when it was incubated with extracts of either uninfected Sf9 cells (lane U) or cells infected with the recombinant baculovirus control (lane G1). This result demonstrates that the rC protein expressed in infected cells has autoguanylylation activity.
All of the guanylyltransferases described in the literature, including protein C of the avian reovirus S1133, form a covalent complex with GMP when incubated with GTP, and the GMP moiety is covalently bound to the protein through a phosphoamide linkage. To determine the nature of both the guanine nucleotide bound to rC and the linkage that binds the nucleotide moiety to the protein, the 140-kDa radioactive band was excised from a gel, eluted, and treated with different reagents (Fig. 3B) . The radioactivity associated with the 140-kDa complex was not significantly liberated upon incubation with water (lane H 2 O) or with alkali (lane NaOH), but was totally
released when incubated with hydroxylamine (NH 2 OH) or under acidic conditions (HCl). Furthermore, the liberated radioactive material comigrated with GMP, but not with GDP or GTP, on a PEI-cellulose plate. These results demonstrate that the 140-kDa radioactive band detected in the autoguanylylation reaction is a rC-GMP complex and, therefore, the GMP moiety is covalently bound to the protein via a phosphoamide linkage.
A 40-kDa fragment of rC has autoguanylylation activity When the autoguanylylation reaction was performed with fresh extracts of AcNPV-C-infected Sf9 cells (Fig.  4A , lane 1) or with extracts that had been stored at 4°C or at room temperature for more than 2 weeks (Fig. 4A , lanes 3 and 4, respectively), the 140-kDa radioactive band was replaced by a new 40-kDa band (Fig. 4A , compare lane 1 with lanes 3 and 4). This band shifting was not observed when the reaction was carried out with extracts that had been stored at Ϫ20°C (Fig. 4A , lane 2). These results and the fact that the 40-kDa radioactive band was not detected in parallel incubations of stored extracts from both uninfected cells and cells infected with the recombinant baculovirus expressing GUS marker protein (results not known) strongly suggest that the small radioactive band corresponds to a complex formed by autoguanylylation of a proteolytic fragment of rC. In order to confirm this suggestion, the radioactive bands corresponding to the complexes formed by the 40-kDa polypeptide and by both rC and reovirion C were extracted from gels and subjected to V8 peptide mapping analysis. As shown in Fig. 4B , the V8 peptide pattern of all three samples were identical, confirming that the 40-kDa protein is a proteolytic fragment of rC, which possesses autoguanylylation activity.
Autoguanylylation activity of C resides in its aminoterminal 42-kDa fragment and its complementary 100-kDa fragment is expendable for this activity
To map the position of the 40-kDa fragment on its precursor, we first tried to set up a protocol for purification of the recombinant protein from extracts of baculovirus-infected insect cells (Fig. 5A ). When soluble extracts from AcNPV-C-infected Sf9 cells (lane 1) were brought to saturation with 10% ammonium sulfate and centrifuged, most of rC remained in the supernatant fraction, whereas most of the contaminant proteins precipitated (not shown). However, increasing the ammonium sulfate concentration to 30% saturation caused precipitation of rC together with some protein contaminants. The resulting pellet was resuspended in 10 mM Tris, pH 8.0 (lane 2), and this buffer was replaced by 20
Protein analysis by SDS-PAGE and Western blot. Sf9 cells either mock-infected (lanes 1) or infected with recombinant baculoviruses AcNPV-GUS (lanes 2) and AcNPV-C (lanes 3) were lysed at 72 hpi. The cell extracts and purified avian reovirions (lanes 4) were fractionated on a 10% SDS-PAGE gel, and then proteins were either stained with Coomassie blue (A) or transferred to a PVDF membrane, probed with rabbit anti-reovirus serum, and detected with the alkaline phosphatase system (B). The positions of marker proteins (left) and the avian reovirus proteins (right) are indicated. mM Tris, pH 7.5. The rC-containing sample was loaded on a HiTrap Q-Sepharose column and the recombinant protein eluted from the column when the buffer was supplemented with 400 mM NaCl (lane 3). Purified rC represented approximately 90% of the total sample protein.
Purified rC was still able to display autoguanylylation activity (Fig. 5B, lane 1) . Furthermore, a progressive shift of the autoguanylylation activity from the 140-kDa to the 40-kDa polypeptide was observed when purified rC was kept at room temperature for several days (Fig. 5B , lanes 2-5). This finding confirmed our previous conclusion that the 40-kDa polypeptide exhibiting autoguanylylation activity is a rC fragment. When stored samples of purified rC were analyzed by SDS-PAGE and proteins were subsequently visualized by Coomassie blue stain- were brought to 10% salt saturation with ammonium sulfate and centrifuged and the resulting supernatant was brought to 30% saturation. The final pellet was resuspended (lane 2) and subjected to anion-exchange chromatography. The fraction eluting from the column after a 400 mM NaCl wash is shown in lane 3. (B) Samples containing purified rC were stored at Ϫ20°C after incubation at room temperature for the number of days as indicated on top. Stored samples were subjected to autoguanylylation reaction as for Fig. 3A and resolved by SDS-PAGE and radioactive bands were visualized by autoradiography. The position of rC and of the 40-kDa polypeptide is indicated on the right. (C) Coomassie blue staining of nonradioactive stored samples. (D) A sample containing purified rC that had been stored at room temperature for 1 week (lanes 1 and 4) was subjected to anion-exchange chromatography, and both the flowthrough fraction (lanes 2 and 5) and the fraction eluting from the column after a 500 mM NaCl wash (lanes 3 and 6) were collected. Samples in lanes 1-3 were analyzed by SDS-PAGE, and the gel was subsequently stained with Coomassie blue. Samples in lanes 4-6 were incubated with [␣-32 P]GTP and then resolved by SDS-PAGE and the gel was finally dried and subjected to autoradiography.
ing, processing of precursor rC (Fig. 5C, lane 1) was evident, which generated 40-and 100-kDa fragments (Fig. 5C, lanes 2-5) . Furthermore, cleavage of stored rC was not inhibited in the presence of a protease inhibitor cocktail (data not shown). It has been shown that all major avian reovirus structural proteins, except BC, have their amino terminus blocked (Varela et al., 1996) . Assuming that rC also has a blocked amino terminus, only the carboxy-terminal fragment should yield amino acid sequence when subjected to Edman degradation analysis, and not the precursor or the amino-terminal fragment. In order to determine the orientation of the rC cleavage products on their precursor, both rC and its cleavage products were transferred from an SDS-PAGE gel to a PVDF membrane and subsequently subjected to automatic amino-terminal degradation. Only the 100-kDa fragment yielded amino acid sequence but not the precursor or the 40-kDa fragment yielded the amino acid sequence, suggesting that the latter proteins have a blocked amino terminus. The amino-terminal sequence of the 100-kDa fragment was KSVDHAVG, which reveals that the cleavage of precursor rC occurs between amino acid residues G384 and K385 to produce a 42-kDa amino-terminal fragment and a 100-kDa carboxy-terminal polypeptide. This cleavage point matches precisely with the one reported for mammalian reovirus 2, which takes place between residues L387 and S388 ( Fig. 1 ; Luongo et al., 2000) .
To further demonstrate that the 100-kDa carboxy-terminal fragment is expendable for autoguanylylation activity of C, we next proceeded to isolate the 42-kDa amino-terminal fragment from a stored rC sample that contained both the precursor and the two cleavage products (Fig. 5D, lane 1) . When this sample was subjected to ion-exchange chromatography, using a Q-Sepharose column, the 40-kDa fragment eluted in the flowthrough fraction (Fig. 5D, lane 2) , whereas precursor rC and the 100-kDa fragments remained attached to the column; they were subsequently eluted by increasing the NaCl concentration to 0.5 M (Fig. 5D, lane 3) . Incubation of the two fractions with radioactive GTP revealed that both rC and the isolated 42-kDa amino-terminal fragment, but not the 100-kDa fragment, possess autoguanylylation activity.
DISCUSSION
We have previously shown that protein C is the guanylyltransferase of the avian reovirus S1133 (MartinezCostas et al., 1995) and that this protein is present in viral particles in a conformation similar to the one reported for the mammalian reovirus capping enzyme 2 (MartinezCostas et al., 1997). In order to improve the understanding of the structure and function of protein C, we have cloned, sequenced, and expressed the L3 guanylyltransferase-encoding gene of avian reovirus 1733.
Infection of insect cells with the recombinant baculovirus AcNPV-C resulted in expression of a soluble protein that has the same electrophoretic mobility as reovirion C. This protein was identified as rC, based on its ability to react with anti-reovirus antibodies and to display autoguanylylation activity. The rC protein binds GMP through a phosphoamide linkage, which is similar to other viral and cellular guanylyltransferases, suggesting that the rC GMP-acceptor site is the ⑀-amino group of a lysine residue lateral chain. Interestingly, a 42-kDa amino-terminal fragment of rC also displayed the autoguanylylation activity.
Comparison of the C deduced amino acid sequence with that of mammalian reovirus protein 2 revealed striking similarities. Thus, the propensity of the helical conformation, extended conformation, turn conformation, and random coil of C protein were almost identical to 2 protein, suggesting that their polypeptide chains are folded into similar three-dimensional conformations, and therefore, that both proteins are likely to possess similar functional activities. This suggestion is further supported by the homology detected in their amino acid sequences, and by the presence in both polypeptides of putative ATP/GTP-and SAM-binding motifs, as well as conserved amino-terminal lysine residues. Earlier indirect biochemical studies identified the lysine residue at position 226 (K226) as the GMP-acceptor site for mammalian reovirus capping enzyme (Fausnaugh and Shatkin, 1990) . Subsequent studies, performed by site-directed mutagenesis of a recombinant 2 expressed in insect cells, revealed that while its autoguanylylation activity was not significantly affected by mutation of K226, it was almost completely abolished by mutation of either K171 and K190 (Luongo et al., 2000) . The authors concluded that K190 is an essential residue and that K171 is an important contributor for the autoguanylylation activity of protein C. However, validation of these conclusions by sequence alignment analysis has been hindered by the fact that the only orthoreovirus guanylyltransferase gene that has been sequenced so far was that of the mammalian reovirus type 3 (Dearing strain). Our sequencing of the avian reovirus L3 gene allowed us to perform an alignment of two orthoreovirus guanylyltransferases. This alignment revealed that only two of the eight lysine residues contained within the 42-kDa amino-terminal region of the mammalian reovirus enzyme (2-K171 and 2-K190) are present in identical positions on its avian counterpart (C-K169 and C-K188, respectively). Fortuitously, these two residues are the only conserved lysines that could be found in the amino-terminal region of the grass carp reovirus putative guanylyltransferase protein VP1 (VP1-K176 and VP1-K196; Accession No. AF260511), shown in Fig. 6A . The three-protein sequence comparison also revealed that K226 of mammalian reovirus protein 2 is not conserved; it matches an arginine residue C-R224 and a serine residue VP1-S232 on its avian and grass carp reovirus counterparts, respectively (Fig. 6A) . These findings strongly support the conclusions reached the Luongo et al. (2000) that either K171 or K190, but not K226, act as the GMP-acceptor site for the autoguanylylation activity of the mammalian reovirus capping enzyme. Our findings also suggest a similar function for either C-K169/VP1-K176 or C-K188/VP1-K196 of both avian and grass carp reovirus guanylyltransferases.
The amino acid context surrounding the putative GMPacceptor site of the mammalian reovirus capping enzyme ( 190 KDLS) is different from the KXDG consensus active-site motif found in many cellular and viral RNA guanylyltransferases (Wang et al., 1997) . On the other hand, sequences similar to the 2 KDLS sequence, but not to the KXDG consensus sequence, were found to be widely conserved among the RNA guanylyltransferases of other members of the Reoviridae family ( 487 KDLT for bluetongue virus VP4, 542 KDLKS for rotavirus VP3, and 399 KDTS for phytoreovirus gene S5-encoded protein). These findings prompted Luongo et al. (2000) to hypothesize that 2 and perhaps the guanylyltransferases of other viruses of the Reoviridae family represent a distinct class of these enzymes containing a novel active-site motif. However, our alignment data do not favor the KDLS-active-site motif hypothesis, since the mammalian reovirus 190 KDLS sequence is matched by the unrelated 188 KQLR and 196 KHRP tetrapeptides in avian and grass carp reovirus guanylyltransferases, respectively (Fig. 6A) .
Both avian and mammalian recombinant capping enzymes are hypersensitive to cleavage into complementary 42-and 100-kDa fragments. Curiously, while amino acid sequences surrounding the cleavage site of both proteins are different (VIG 2 KSV for rC and QSL 2 SDT for r2), the cleavage takes place in exactly the same position on the aligned sequences, suggesting that proteolysis of both rC and r2 is not sequencespecific but takes place in a conformational exposed epitope (hinge) that separates two distinct structural functional domains. This suggestion is reinforced by the identification of such hinge at exactly the same position in the three-dimensional conformation of protein 2, as deduced from X-ray crystallographic analysis of mammalian reovirus cores , and by our finding that partially purified rC is still cleaved when stored at room temperature in the presence of a protease-inhibitor cocktail. Although our data argue against a sequence-specific protease to be involved in the cleavage of the recombinant reovirus guanylyltransferases, the possibility that these two proteins are processed by cellular or baculovirus-encoded proteases cannot be ruled out.
Retention of autoguanylylation activity by avian and mammalian reovirus 42-kDa amino-terminal fragments suggests both that these fragments are both necessary and sufficient to act as a guanylyltransferase and that their complementary 100-kDa carboxy-terminal region is expendable for that activity. A small-size requirement for guanylyltransferase activity is consistent with what is known for other capping enzymes. Thus, Chlorella virus PBCV-1 possesses a 330-amino acid monofunctional RNA guanylyltransferase (Ho et al., 1996) . Furthermore, the guanylyltransferase region of the multifunctional capping enzymes of vaccinia virus and of the yeast Saccharomyces cerevisiae can be separated, either biochemically or genetically, from the rest of their respective proteins (Shibagaki et al., 1992; Shuman, 1989) .
A number of viral capping enzymes have been shown to possess both guanylyltransferase and methyltransferase activities (Martin et al., 1975; Reddy et al., 1992) . For example, the nsP1 proteins of Sindbis virus (Mi et al., 1989) , protein VP4 of bluetongue virus (Ramadevi et al., 1998) , and mammalian reovirus protein 2 (Luongo et al., 1998 (Luongo et al., , 2000 are likely to display both activities. On the other hand, in vaccinia virus, RNA triphosphatase, RNA guanylyltransferase, and RNA guanine-7-methyltransferase are components of a capping enzyme complex that contain two subunits of 95-and 31-kDa (Martin et al., 1975) . Mutational and proteolytic fragmentation analysis of mammalian reovirus protein 2 revealed that this protein contains a SAM-binding site that appears to span residues D827 and G829 (Luongo et al., 1998) . These residues are included within the B-B-D-B-G-X-G motif (where B represents a hydrophobic residue; D, aspartate; G, glycine; and X represents any residue) found in many methyltransferases (Koonin, 1993) . Curiously, the 2 sequence motif 826 LDLGTGPE is fully conserved in both avian (starting at position 822) and grass carp (starting at position 832) reovirus capping enzymes (Fig. 6B) , suggesting that the later proteins are also likely to possess methyltransferase activity.
MATERIALS AND METHODS
Cells and viruses
Avian reovirus strain 1733 (Rosenberger et al., 1989) , kindly provided by Intervet America, Millsboro, Delaware, was grown in confluent monolayer of either Vero or chicken embryo fibroblast (CEF) cells and purified essentially as described earlier (Martinez-Costas et al., 1995) . Vero cells were maintained in M199 medium supplemented with 5% fetal bovine serum (FBS) at 37°C in a humidified 5% CO 2 incubator, and used for propagation of the virus. Primary CEF cells were prepared from 10-day-old embryonated eggs (SPAFAS, Inc., Storrs, CN), as described previously (Martinez-Costas et al., 1995) . Secondary CEF cells were maintained in a growth medium consisting of M199 and F10 (50/50% v/v) medium supplemented with 5% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified 5% CO 2 incubator. Spodoptera frugiperda (Sf9) insect cells were cultured in either TNM-FH medium or in ExCell 400 medium (JRH Biosciences, Lenexa, KS), as described previously (Vakharia et al., 1993) . For transfection and plaque assay procedures, Sf9 cells were cultured in Hink's TNM-FH medium supplemented with 10% FBS, 50 g of gentamicin sulfate, and 2.5 g of amphotericin B (Fungizone, JRH Biosciences)/ml, in tissue culture flasks or dishes at 28°C. The recombinant baculovirus virus stock was grown in Hink's TNM-FH medium supplemented with 10% FBS in 1-liter spinner flasks at 28°C, as described (O'Reilly et al., 1992) .
Cloning and sequencing of the L3 genome segment of avian reovirus strain 1733
All manipulations of DNAs were performed according to standard cloning protocols (Sambrook et al., 1989) . The genomic RNA, isolated from purified avian reovirus (strain 1733) by phenol:chloroform extraction, was fractionated on a 6% SDS-PAGE gel. Individual RNA segments, including L3 genome segment, were excised from the gel and the RNA was recovered after ethanol precipitation. Synthesis of cDNA was accomplished using the Riboclone cDNA Synthesis System (Promega, Corp.) and random primers according to the method of Gübler and Hoffman and the protocol supplied by the manufacturer (Gübler and Hoffman, 1983) . Doublestranded cDNA, which were blunt-ended after the second strand synthesis, were ligated to SmaI-digested pUC18 vector. The ligated mixture was then used to transform competent Escherichia coli JM109 cells, as described (Sambrook et al., 1989) . Using the L3 genespecific RNA probe, positive recombinants were identified by dot bot hybridization, and by restriction endonuclease mapping (Sambrook et al., 1989) . Several cDNA clones of the L3 gene segment were identified and clones L3-1, 3, 4, and 379 were selected (Fig. 7) . Both DNA strands of these plasmids were sequenced by the dideoxy chain termination method with an Applied Biosystem automated DNA sequencer, and the sequence data were analyzed by using PC/GENE software (IntelliGenetics, Inc., Mountain View, CA).
Since the above method did not yield enough overlapping clones spanning the L3 gene, additional cloning procedures, such as reverse-transcription (RT)-PCR, PCR, and 5Ј-RACE were employed. Several cDNA clones of the L3 gene were prepared using these methods (see Fig. 7 ). The nucleotide sequences of the 5Ј-and 3Ј-noncoding regions of the L3 segment were determined by two methods as described for infectious pancreatic necrosis virus (Yao and Vakharia, 1998) . To determine the 3Ј termini of both strands of L3 segment, the viral RNA was polyadenylated and reverse-transcribed with a poly(dT) primer (5Ј-GCGGCCGCCCTTTTTTTTTTTTTTTT-3Ј), and the resulting cDNAs were amplified by PCR with virusspecific primers L3AatF (5Ј-CTGTGCGACGTCTCTCCATC-3Ј; nt positions 3594-3614) and L3HpAR (5Ј-GCAACAA-CAGCATTGGTTAAC-3Ј; nt positions 348-368) (Cashdollar et al., 1982) . The RT-PCR products were separated by agarose gel electrophoresis, purified by a QIAquick gel extraction kit (Qiagen, Inc., Valencia, CA), and directly sequenced by the dideoxy chain termination method, using the respective primers described above (Sanger et al., 1977) . The 5Ј-terminal of the L3 segment was also determined by rapid amplification of cDNA ends using the 5Ј-RACE (Frohman et al., 1988) . The 5Ј-RACE system was purchased from Life Technologies (Grand Island, NY). A cDNA segment was synthesized by RT reaction with virus-specific primer L35ЈRACR (5Ј-GTGACGATAGAGGTAGCAACAC-3Ј; nt positions 850-871), tailed with oligo(dC), and amplified by PCR with nested virus-specific primer L3BstXR (5Ј-CAAGACTC-CAGCAGAATGGAG-3Ј; nt positions 765-785) and abridged anchor primer, as described in the protocol. The PCR product was gel-purified and directly sequenced using a genespecific primer as described earlier.
To construct a full-length cDNA clone of the L3 gene, three sets of primer pairs were designed and used in RT-PCR amplification in order to obtain overlapping cDNA clones with unique restriction sites and to facilitate the cloning of the L3 ORF into the baculovirus transfer vector, pBlueBac4. RT-PCR products of the 5Ј-region (L3L), central region (L3M), and the 3Ј-region (L3R) of the L3 gene were obtained using primer pairs L3BamF (5Ј-CGGGATCCGCTTTTCCACCCATGG-3Ј; nt positions 1-16) and L3BglR (5Ј-CGGCATGATCGACAGATTTC-3Ј; nt positions 1164-1183); L3BglF (5Ј-GTCTGGAAGATCTATTG-GTCC-3Ј; nt positions 1131-1151) and L3XhoR (5Ј-GAAC-CAACTCGAGGATCTCC-3Ј; nt positions 2814-2833); L3XhoF (5Ј-GGAGATCCTCGAGTTGGTTC-3Ј; nt positions 2814-2833) and L3KpnR (5Ј-GGGGTACCGATGAATAA-CACCCTT-3Ј; nt positions 3892-3907), respectively. As shown in Fig. 7 , the RT-PCR products of the L3L and L3R regions were cloned into pCR2.1 vector, while the L3M product was cloned into pUC18 vector to obtain respective plasmids, pCRL3L, pCRL3R, and pUCL3M. Both DNA strands of these plasmids (at least three individual clones) were sequenced again in order to obtain a complete sequence of the L3 gene segment. Representative plasmids pCRL3L No. 9 (5Ј-region), pUCL3M No. 4 (central region), and pCRL3R No. 4 (3Ј-region) were doubledigested with BamHI-BglII, BglII-XhoI, and XhoI-Asp718 enzymes, respectively, to release respective fragments of 1182, 1702, and 1093 bp. These fragments were gelpurified, ligated, and then cloned between BamHI and Asp718 sites of the pUC18 vector to obtain plasmids, pUC18L3-LMR-3.
Construction of a recombinant baculovirus
To clone the L3 gene into the baculovirus transfer vector pBlueBac4 (Invitrogen, Corp., Carlsbad, CA), plasmid pUC18L3-LMR-3 was double-digested with BamHIAsp718 and the resulting 3.9-kb fragment was cloned between the unique BamHI-Asp718 sites of the transfer vector. A representative plasmid, pBlueBac4-L3LMR-3, was selected and used for the transfection procedure. A recombinant baculovirus, harboring the L3 coding sequence behind the polyhedrin promoter, was generated by homologous recombination as described (O'Reilly et al., 1992; Vakharia et al., 1993) . Transfection of Sf9 cells was carried out using the Bac-N-Blue transfection kit and in accordance with the supplier's protocol (Invitrogen, Corp.). Putative recombinant baculoviruses were plaquepurified twice, and virus stocks were prepared for further analysis. The presence of the L3 gene sequence in the recombinant virus was confirmed by PCR, using the viral DNAs and a pair of L3 gene-specific primers. Recombinant baculovirus containing the L3 gene sequence was designated as AcNPV-C.
Baculovirus expression of avian reovirus C protein
To characterize the avian reovirus C protein expressed in insect cells, Sf9 cells were infected with AcNPV-C at 5 PFU/cell and the infected cells were harvested 3 days postinfection by low-speed centrifugation. The resulting pellet was resuspended in cold lysis buffer (10 mM Tris-HCl, pH 7.5; 5 mM MgCl 2 ; 200 mM NaCl; 0.5% Triton X-100) at a concentration of 2 ϫ 10 6 cells/ml, incubated for 10 min at 4°C, and centrifuged for 10 min at 10,000 rpm. The final supernatants were analyzed by SDS-PAGE and the gels were either stained with Coomassie brilliant blue or blotted onto nitrocellulose and immunostained, using rabbit antiserum to purified reovirions (Martinez-Costas et al., 1995; Vakharia et al., 1993) .
Formation and stability of GMP-C covalent complexes
Purified 1733 virions and extracts from either uninfected or baculovirus-infected Sf9 cells were incubated in lysis buffer containing 1 mCi/ml ␣-[
32 P]GTP and 20 g/ml of inorganic pyrophosphates for 20 min at room temperature. Then, samples were boiled in Laemmli sample buffer and analyzed by SDS-PAGE followed by autoradiography (Laemmli, 1970) .
To determine the nature of the GMP-C bond, gel slices containing radioactive complexes from either radiolabeled virions or baculovirus-expressed C extracts were excised from nonfixed and nondried gels. The gel slices were minced and incubated at 4°C overnight with 20 mM Tris-HCl, pH 8.0; 0.1% SDS; 1 mM EDTA. The eluted material was then dialyzed against 20 mM TrisHCl, pH 8.0, and subsequently treated with either H 2 O for 30 min at 70°C, 0.5 M NaOH for 15 min at 70°C, 0.5 M HCl for 15 min at 70°C, or 4 M hydroxylamine in 0.2 M sodium acetate, pH 4.8, for 20 min at 37°C. The treated samples were subjected to thin-layer chromatography on a PEI-cellulose plate that was developed with 0.75 M KH 2 PO 4 . Radioactive samples were visualized by autoradiography, and nonradioactive nucleotides were localized under UV light.
V8 mapping of radioactive complexes
Radioactive material eluted from wet gels were loaded onto 15% SDS-polyacrylamide gels, together with different amounts of S. Aureus V8 protease. When the electrophoresis front reached the separating gel, the electrophoretic power was disconnected for 15 min to allow proteolysis of samples by the V8 protease. Then, electrophoresis was allowed to resume, and the radioactive bands of the gel were visualized by autoradiography.
Purification of rC products and amino-terminal sequencing
Soluble extracts from baculovirus-infected Sf9 cells were brought to 10% saturation with ammonium sulfate and centrifuged. The supernatant was made 30% ammonium sulfate and centrifuged again. The final pellet was resuspended in 10 mM Tris-HCl, pH 8.0, and dialyzed against 20 mM Tris-HCl, pH 8.0. The dialyzed sample was loaded on a HiTrap Q-Sepharose column preequilibrated with 20 mM Tris-HCl, pH 8.0. The column was eluted with increasing concentrations of NaCl and the collected fractions were analyzed by SDS-PAGE.
For separation of the 40-kDa amino-terminal fragment from both the precursor and the 100-kDa carboxy-terminal fragment, a sample containing purified rC was stored at room temperature for 1 week and subsequently loaded on a HiTrap Q-Sepharose column preequilibrated with 20 mM Tris-HCl, pH 8.0. Both the flowthrough fraction and the fraction eluted after 0.5 M NaCl wash were collected for subsequent autoguanylylation activity and SDS-PAGE analysis.
For amino-terminal sequencing, proteins were transferred from an SDS-PAGE gel to a polyvinylidene fluoride (PVDF) membrane and subjected to amino-terminal Edman degradation on an automatic Procise 492 protein sequencer (Applied Biosystems, Foster City, CA).
